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Abstract
Photodetectors are devices that capture light signals and convert them into electrical
signals. High performance photodetectors are in demand in a variety of applications, such as
optical communication, security, and environmental monitoring. Among many appealing
nanomaterials for novel photodetection devices, graphene and semiconductor colloidal
nanocrystals are promising candidates because of their desirable and unique properties compared
to conventional materials.
Photodetector devices based on different types of nanostructured materials including
graphene and colloidal nanocrystals were investigated. First, graphene layers were mechanically
exfoliated and characterized for device fabrication. Self-powered few layers graphene
phototransistors were studied. At zero drain voltage bias and room temperature, the devices
operated and achieved high responsivity and detectivity on the order of 2.7 × 104 A/W and 5 ×
1012 cm·Hz0.5/W, respectively. A ratio of 29 between the photocurrent and the dark current was
obtained. The device showed an excellent tunable photo response as a function of the applied
back-gate voltage. Second, colloidal PbSe nanocrystals or quantum dots were synthesized via a
hot injection method and activated by ligand exchange process to be applied in near infrared
photoconductors. Interdigital electrode photodetectors based on PbSe nanocrystals on glass
substrate were investigated to examine the functionality of the synthesized nanocrystals. The
devices showed a perfect response for the visible to near-infrared region. Then, the PbSe
nanocrystals and the mechanically exfoliated graphene layers were combined to build nearinfrared photodetectors based on hybrid graphene-colloidal PbSe quantum dots. The device
showed a remarkable responsivity of 1265 A/W and detectivity of 3.4 ×1010 cm·Hz0.5/W. Single
layer graphene was grown via chemical vapor deposition (CVD) and transferred to a light p-type

Si/SiO2 substrates. Single layer CVD-grown graphene-based phototransistor was fabricated and
studied. Photogating effect was found to be established via the Si/SiO2 interface and the light
doping Si in the substrate. Due to the photogating effect, the conductivity of the single layer
graphene in the channel was enhanced, and the device achieved high responsivity and detectivity
at very low or zero drain bias voltages and negative back gate voltages. For device optimization,
devices with different channel length were fabricated and characterized. Responsivities of 9.6 ×
102 A/W and 2.6 × 103 A/W were recorded for devices with 15 µm and 5 µm channel lengths,
respectively.
Finally, colloidal CdSe nanocrystals and silver nanoparticles were grown using chemical
approaches, and the CdSe nanocrystals were functionalized by changing their ligand. Colloidal
quantum dot photodetectors enhanced by plasmonic silver nanoparticles were fabricated and
examined. The device consisted of interdigital gold electrodes on a glass substrate. The silver
nanocrystals were deposited underneath the CdSe nanocrystals layer in the device channel. The
device performance was compared with a CdSe nanocrystals based control device, and an
enhancement in the device photo response was obtained.
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Introduction
Converting light into electricity is the basic principle behind the operation of numerous
optoelectronic devices in various applications that have indispensable effects on today’s life
including optical communication, security, environmental sensing, biological imaging, and
remote sensing [1] [2]. Photodetectors are the devices that capture light signals and convert them
into electric signals. Currently, the market is dominated by high performance photodetectors
based on crystalline silicon that detect the visible and near infrared region. The longer
wavelength beyond the operation limit of silicon is detected by photodetectors based on
compound semiconductor materials such as InGaAs and their heterostructure. However,
improving the performance and increasing the usage of these photodetectors in more developed
applications are suffering from serious obstacles. For example, the materials are thick, the
fabrication processes are very expensive, and the fabrication conditions are difficult to control
[3]–[6].
Recently, great efforts have been devoted to the field of photodetection. However, the
rapid growth in photodetector applications in terms of scale and diversity increases the demand
for more research attention in this area to address the challenges and overcome the existing
limitations [1][3]. Many novel nanostructured materials such as quantum dots, perovskites,
nanowires, carbon nanotubes, and graphene have emerged recently as promising candidates for
developing high performance optoelectronic devices. These materials have shown unique sizedependent optical and electrical properties comparing them with the corresponding bulk
materials [3], [7]–[11].
Graphene is the first discovered two-dimensional layered material in 2004 [12], [13]. It is
structured of a monolayer of carbon atoms arranged in a hexagonal lattice [12], [14]. Graphene
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has attracted great attention in the field of photodetection because of its unique properties
compared to conventional semiconductors [2], [15]. The ultrahigh carrier mobilities make
graphene a great candidate for high-speed photodetectors [13], [16], [17], also, its zero band gap
enables a wide range absorbance of the energy spectrum [2], [15]. However, graphene’s low
light absorption (around 2.3% of the incident light) limited its photodetection applications and
directed research attention to overcome that [2], [18].
Colloidal nanocrystals or quantum dots (QDs) are also attractive candidates for
photodetection applications because of several reasons. High quality and shape and size
controlled QDs are grown using wet chemical growth methods, which enable the tunability of
their optoelectronic properties. The colloidal QDs are suspended in a solvent, so they can be
deposited over large areas using cost effective low temperature manufacturing techniques such as
spin coating and spray coating. Moreover, because of their solution processability, colloidal QDs
can be deposited on different kinds of substrates such as silicon and glass which facilitates their
integration with electronics [4], [19]–[22].
1.1 Nanomaterials
Nanomaterial can be defined as the material that has a reduced dimension or dimensions
in the range of 1-100 nm and shows novel merits and improved properties because of the size
reduction [23], [24].
1.2 Graphene
Graphene, which is an allotrope of carbon, is the first discovered two-dimensional
layered material in 2004 [1], [2]. Graphene is formed of monolayer carbon atoms with covalent
bonds arranged in hexagonal lattices [12], [14].
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1.2.1 Electronic structure of graphene
It is known that the carbon atom has four valence electrons occupying the 2s and 2p
orbitals, as shown in Figure 1.1(a). In graphene, interaction happens between the 2s orbital and
the 2pᵪ and the 2py orbitals to create three hybrid sp2 orbitals, as illustrated in Figure 1.1(b).
These sp2 orbitals create in plane three covalent σ-bonds, which are very strong and give the
mechanical properties of graphene. On the other hand, the 2pz electrons forms an interplane of
covalent π-bonds, which are weak and responsible for the unique electronic properties of
graphene [12].
The graphene honeycomb lattice is shown in Figure 1.1(c). The distance between the two
nearest carbon atoms, which is the length of bond, is 1.42 Å, and the lattice constant is 2.4 Å.
While the thickness of a single layer of graphene is 3.3 Å [12].

(a)

(b)

(C)
1.42 Å

1S

2S

2Px 2Py

2Pz

1S SP2

SP2 SP2 2Pz
y
x

Figure 1.1. Schematic showing how the electrons and their relative spin arranged in (a) elemental
carbon and (b) graphene. (c) Drawing showing the honeycomb lattice of graphene. The
equilateral parallelogram with dashed lines represents the primitive unit cell.

1.2.2 Optical properties of graphene
Although graphene is a one atom thick, it can be identified on a silicon substrate with an
oxidized layer of a certain thickness because of the optical interference between graphene layers
3

and the substrate. A silicon substrate with a silicon dioxide thickness of 300 nm has been found
to be the most suitable to clearly visualize the graphene layers. Moreover, graphene can be doped
electrostatically by gating besides its ability to be doped by adding chemicals.
The unique gapless feature enables graphene to absorb a wide range of the spectrum
ranging from ultraviolet to terahertz. Under light illumination, two types of transitions are
allowed for photoexcited electrons to go through: interband transition and intraband transition.
The contribution of each type of the two transitions relies on the incident light energy and the
doping level in graphene. In the visible and infrared region, the interband transitions are
dominant, and a single layer of graphene was found to have an absorption of 2.3% at the room
temperature [15], [25], [26].
1.2.3 Growth methods of graphene
Several techniques have been developed and used to obtain graphene. These techniques
can be categorized into top down methods and bottom up methods. The top down methods
depend on exfoliating graphene layers from its bulk crystals by breaking the bonds between
them, such as mechanical exfoliation and liquid phase exfoliation. The bottom up methods build
graphene layers on a substrate using molecular precursors, such as chemical vapor deposition
(CVD) and epitaxial growth.
Mechanical exfoliation of graphene layers
This method was invented in 2004 to cleave graphene from highly oriented pyrolytic
graphite. It has been used successfully for producing single or few layers of graphene and other
two dimensional materials [3], [27], [28]. This method can produce high quality flakes of
graphene for fundamental research; however, the scale, uniformity, and the number of layers
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cannot be controlled. Typically, a piece of highly ordered pyrolytic graphite is repeatedly pasted
and peeled using a tape into thinner layers until the desired samples are obtained. Then, they are
transferred onto a silicon substrate with an oxidized surface and washed with acetone. Optical
microscopy and Raman spectroscopy are used for the examination of the grown graphene layers
[17], [27], [28]. Figure 1.2 shows the mechanical exfoliation process to obtain graphene layers.

Figure 1.2. Photos illustrating the steps of mechanical exfoliation of highly oriented pyrolytic
graphite using Scotch tape to a graphene layers [28]. Reprinted with permission, App. H.
Chemical vapor deposition (CVD)
Chemical vapor deposition (CVD) is the most widely used method to grow mass
production and high quality graphene. The general process of graphene CVD growth is that a
catalyst substrate is exposed to precursor in a gas phase inside a reaction chamber. The precursor
reacts with the catalyst at high temperature and forms graphene on the surface. The most utilized
catalysts are Cu or Ni because they are cheap and available, while the precursor is a hydrocarbon
such as methane or ethylene. The reaction is performed in a high temperature in the range of
several hundred ˚C to the substrate melting point. The mechanism of graphene layer growth on
5

the metal foil is determined by the catalyst used. If the catalyst is Ni, the carbon is melted in the
metal after the precursor decomposes. Cooling the substrate results in decreasing the solubility of
carbon in nickel and separating it to form graphene on the surface. This means the cooling
process is critical to control creating a uniform single layer graphene. On the other hand, when a
copper substrate is used, the precursor does not melt in the metal since the carbon has trivial
solubility in copper even at high temperature. In this case, a graphene single layer is grown on
the surface of the metal at high temperature and it is not necessary to control the cooling rate of
the substrate. Moreover, growing graphene on copper is considered as self-limiting growth as the
copper surface is blocked when a single of layer graphene is completely formed and that causes
the growth process to stop [30]–[34]. A simple sketch of a CVD system is shown in Figure 1.3.

Figure 1.3. Drawing of a CVD system [34]. Reprinted with permission, App. H.
1.3 Colloidal nanocrystals
Semiconductor colloidal nanocrystals or quantum dots (QDs) have attracted great
6

attention in the field of optoelectronic devices because of their extraordinary optical
properties. Colloidal nanocrystals are grown using cost effective chemical methods with precise
controlling over shape, size, and size distribution of the crystals. The band gap of the colloidal
nanocrystals can be tuned over a wide range of the electromagnetic spectrum. Many compound
semiconductors have been successfully grown and studied as colloidal nanocrystals including II–
VI, III–V, I–III–VI, I–II–IV–VI, and I–IV–VII compounds [4], [19], [35]–[38].
1.3.1 Optical properties of colloidal nanocrystals
Nanocrystals or quantum dots are also called zero dimension materials because their three
dimensions are less than 100 nm. That means the excitons are confined in all dimensions, and
this nanoscale confinement allows the tunability of their bandgap by changing their size and
shape. Absorbing and emitting light by a material emerges from the electron transitions. The
quantum confinement in nanomaterials, including nanocrystals, allows the modification and
tunability of the absorption, emission spectra, and the probabilities of electron transitions in the
nanomaterial [39]. In a quantum confinement structure like colloidal nanocrystals, the electrons
are defined as waves and exist in discrete energy levels in the energy bands. When an electron in
a nanocrystal absorbs light, it may do interband transition, which happens when the electron
moves from an energy band to another energy band, or intersubband transition, where the
electron translates from bound state to another within the same energy band or from bound state
in the conduction band to continuum, as shown in Figure 1.4. The band gap of nanocrystals is
defined as the gap from the ground state in the valence band to the ground state in the conduction
band, and it is called the affective band gap (𝐸𝑔∗ ). Thus, this band gap is larger than the band gap
of the corresponding bulk material and depends on the nanocrystal size, and it can be determined
using [40]:
7

𝐸𝑔∗

𝜋 2 ħ2
= 𝐸𝑔 + 𝑥
2 𝑚∗ 𝑑 2

(Equation 1.1)
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where 𝐸𝑔 is the bandgap of the material in bulk, 𝑥 is the photon energy, ħ is Planck’s constant,
𝑚∗ is the effective mass, and 𝑑 is the diameter of the nanocrystal. Reducing the size of the
nanocrystal increases the distance between the desecrate energy levels so tunes the bandgap [41].

Continuum level
Bound-continuum
Conduction band

bound-bound

Eg*

Interband transition

Valence band
Figure 1.4. Sketch illustrating the band structure of the nanocrystals.
1.3.2 Growth of semiconductor colloidal nanocrystals
Colloidal semiconductor nanocrystals have been prepared using a variety of wet chemical
techniques in different types of solvents. The hot injection method is preferable to synthesize III8

Vs and some of II-VI and IVB-IV quantum dots because it produces good quality and perfect
control of the size and shape of the nanocrystals. Basically, the hot injection synthesis is carried
out by preparing two precursors. The metal precursor in a three-neck flask is held at a specific
temperature, generally between 120 °C – 360 °C, and the anion earlier prepared precursor is
injected rapidly to the three-neck flask. Figure 1.5(a) shows the setup for the hot injection
synthesis method, and Figure 1.5(b) shows the transition stages starting with nucleation, then
Ostwald ripening, and finally, saturation [42]–[45].

Figure 1.5. (a) A hot injection synthesis example of preparing PbSe nanocrystals. (b) Transitions
of the reaction after injection [44]. Reprinted with permission, App. H.
The synthesis of colloidal nanocrystals typically includes surface ligands consisting of
long hydrocarbon chains that insulate the prepared nanocrystals from each other. Several types of
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treatments have been reported to improve the carrier transition in colloidal nanocrystal films
such as annealing of nanocrystal films or ligand exchange [46], [47]. Ligand exchange appears as
an effective approach to replace the long ligands with shorter ones in order to improve the
conductivity. The synthesis of colloidal nanocrystals typically includes surface ligands consisting
of long hydrocarbon chains that insulate the prepared nanocrystals from each other [35], [48]–
[50].

NC

NC
NC

Ligand Exchange
NC

NC

NC

NC

NC

NC

NC

Nanocrystals capped with
short ligands

Nanocrystals capped with
long ligands
Figure 1.6. Ligand exchange technique in colloidal nanocrystals
1.3.3 Lead selenide (PbSe) nanocrystals
Hybrid photodetectors of graphene and colloidal semiconductor nanocrystals have been
reported to improve the performance of graphene-based photodetectors [2], [10], [51]–[53].
Infrared photodetectors of graphene decorated with colloidal lead sulfide (PbS) QDs were found
to achieve high photoresponsivity [54]. Lead selenide (PbSe) colloidal QDs have emerged as an
excellent absorber for optoelectronics [55]. Compared to PbS QDs, PbSe QDs have a much
larger exciton Bohr radius that ensures reaching stronger quantum confinement. The bandgap of
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PbSe QDs can be tuned over a wide range of wavelengths including short and mid-wave infrared
[35], [55].
1.3.4 Cadmium selenide (CdSe) nanocrystals
Cadmium selenide (CdSe) has been extensively studied in the field of optoelectronics in
the past decades because of its remarkable optical properties and easy preparation [56]–[59]. The
band gap of the CdSe nanocrystals can be controlled perfectly within the wavelength range of the
visible light of 475 to 670 nm. Additionally, CdSe nanocrystals showed great performance when
they are combined with other nanostructured materials in hybrid photodetectors. This material
also has been reported to have a great photoluminescence quantum yield [60]–[62].
1.4 Metal Nanoparticles (NP)
Plasmonic metal nanoparticles such as gold and silver have attracted great research
attention as a technique for enhancing the performance of different optoelectronic devices
including solar cells, photodetectors, and light-emitting diodes [63]–[65]. Metal nanoparticles are
nanocrystals of the metal with dimensions between 1-100 nm. Their properties are strongly
dependent on their surface because of the high surface-to-volume ratio. When the metal
nanoparticles are exposed to light, their free electrons oscillate as a collective in the phase with
the incident waves by the alternate electric field, and that is called surface plasmonic
phenomenon. In general, there are two kinds of surface plasmon resonances: surface propagating
plasmons, and localized surface plasmons [66], [67]. In the surface propagating plasmons is the
neutral coupling of the free electrons oscillations with the incident light in and propagating along
the interface of the metal-dielectric, as shown in Figure 1.7(a). Otherwise, the localized surface
plasmons, which is illustrated in Figure 1.7 (b), happens when metal nanoparticles interact with
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light. The metal nanoparticle has size much smaller than the size of the incident wavelength, so
the conduction electrons are displaced from their nuclei. Consequently, opposite charges
accumulate at the surface of the nanoparticle and work as a linear restoring force for the
oscillating electrons. The resonance occurs when the frequency of the incident photon matches
the frequency of the oscillation of the metal electrons, which enhances the oscillation of the
electrons [68]–[71].
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Figure 1.7. Schematics showing (a) propagating plasmon and (b) a localized surface plasmon.
1.5 Photodetectors
Photodetectors are the devices that capture light signals and convert them into electrical
signals. High performance photodetectors are in demand in a variety of applications, such as
optical communication, security, and environmental monitoring [16], [72]. Semiconductorbased photodetectors can be classified based on their architecture into three types:
photoconductors, photodiodes, and phototransistors.
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1.5.1 Photoconductors
A photoconductor consists of a semiconductor channel between two ohmic metal
electrodes (drain, D, and source, S). The sensing mechanism used in this device is called the
photoconductive effect, where a channel of a semiconductor material absorbs photons and
generates excess free carriers thus increasing the conductivity. Only one kind of charge carrier,
the majority carrier recirculates through the ohmic electrodes before recombination, and a
voltage is applied between the electrodes to separate the photoexcited electron-hole pairs and
increase the device conductivity by creating a difference in the carrier density [3], [73]–[75].
1.5.2 Photodiodes
A photodiode usually is formed by a p-n junction between semiconductors with opposite
dopants or a Schottky junction between a doped semiconductor and a metal electrode.
Photodiodes operate at zero bias via the photovoltaic effect which depends on a junction to
produce a built-in electric field that separates the photogenerated electron-hole pairs and drives
them into opposite directions to be collected by the electrodes. Under reverse bias, the device
works with a photoconductive effect since the external electric field contributes to the separation
of the electron-hole pairs. A reverse bias is applied to enhance the carrier collection efficiency
[3], [73]–[75].
1.5.3 Phototransistors
A phototransistor is different from a photoconductor because it has three electrical
contacts: a source, a drain, and a gate. This enables higher controllability over the conductivity
of the semiconductor, the channel, by changing the gate voltage [3], [73], [74], [76].
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1.6 Figures of merit for photodetectors
There are several major factors have been used to evaluate and compare the detection
performance of photodetectors that are structured from different materials and geometries and
work via different sensing mechanisms including the photoconductive effect, photovoltage
effect, and photogating effect [3][73][74][1].
1.6.1 Responsivity (R)
Responsivity of a photodetector is defined as the ratio of the produced photocurrent or
photovoltage to the incident optical power on the active region of the photodetector at a certain
wavelength [3], [73], [74][1].
𝑅=

𝐼𝑝ℎ 𝑜𝑟 𝑉𝑝ℎ
𝑃ℎ𝑜𝑡𝑜𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (𝐴) 𝑜𝑟 𝑃ℎ𝑜𝑡𝑜𝑣𝑜𝑙𝑡𝑎𝑔𝑒 (𝑉)
=
𝐼𝑛𝑝𝑢𝑡 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 (𝑊)
𝑃𝑖𝑛

(Equation 1.2)

1.6.2 External Quantum Efficiency (EQE)
The external quantum efficiency is the ratio between the number of charge curriers
collected as a photocurrent to the number of incident photons [1], [3], [73], [74].
𝐼𝑝ℎ⁄
ℎ𝑐
𝑒
𝐸𝑄𝐸 =
=𝑅
𝑃𝑖𝑛⁄
𝑒𝜆
ℎ𝑣

(Equation 1.3)

where 𝑅 is the device responsivity, 𝑒 is a carrier charge, ℎ is Planck’s constant, and 𝑣, 𝑐 , and λ
are the frequency, the speed, and the wavelength of the incident light, respectively. The 𝐸𝑄𝐸 for
a photodetector can be enhanced by increasing the light absorbance in the active layer and
minimizing the charge carrier recombination and trapping [3] [74] [1].
1.6.3 Internal Quantum Efficiency (IQE)
The internal quantum efficiency is the ratio between the number of charge carriers
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collected as a current to the number of photons absorbed by the device. The number of absorbed
photons can be defined by subtracting the number of loose photons, which are transmitted or
reflected, from the total of the incident photons [3].
1.6.4 Speed and bandwidth (∆𝑓)
The response speed defines the photodetector ability to follow a fast-changing optical
signal. The photodetector can only faithfully record an optical signal if its speed is higher than
the fastest temporal variations in the signal, in other words, its frequency response bandwidth
covers the whole bandwidth of that signal [1].
1.6.5 Signal-to-Noise Ratio (SNR)
Low noise is essential for a photodetector performance since it determines the minimum
limit for the signal strength that the device can detect.
𝑆𝑁𝑅 =

𝑆𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
𝑁𝑜𝑖𝑠𝑒 𝑝𝑜𝑤𝑒𝑟

(Equation 1.4)

The SNR must be more than 1 in order to differentiate the signal power from the noise [2].
1.6.6 Noise Equivalent Power (NEP)
The noise equivalent power is defined as the optical power needed to obtain signal to
noise ratio of one in one Hz bandwidth.
𝑁𝐸𝑃 =

𝑃1

(Equation 1.5)

√∆𝑓

where P1 is the incident optical power that can generate SNR of 1 [2].
1.6.7 Detectivity (D*)
The detectivity is an important figure of merit because it enables the comparison between
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the detection performance of photodetectors based on different materials and structures.
1

(𝐴∆𝑓) ⁄2
𝐷 =
𝑁𝐸𝑃
∗

(Equation 1.6)

where 𝐴 and ∆𝑓 are the device area and bandwidth, respectively. The unit for expressing a
photodetector detectivity is cm Hz1/2W-1 = Jones. The noise equivalent power (𝑁𝐸𝑃) depends on
the device area, so the detectivity is independent of the device area, which facilitates comparing
devices with different areas [3][74] [1] . 𝐷∗ can be also written as
1

∗

𝐷 =

(Equation 1.7)

𝐴2 𝑅
1

(2𝑒 𝑖𝑑 )2
Here, 𝑖𝑑 is the dark current.
1.7 Photodetectors based on nanostructured materials
Many types of nanostructured materials such as nanowires, two dimensional materials,
and nanocrystals have been extensively studied to develop novel photodetector devices. Several
types of graphene photodetectors were reported, such as graphene/silicon photodiodes [77][78],
graphene phototransistors [16][79], and hybrid devices [80][51].
Pure graphene based photodetectors have reached high figures of merit, such as ultrafast
speed and broadband absorption. However, they suffer from low responsivity and detectivity
[16][17]. The low responsivity is because a graphene monolayer absorbs only 2.3% of the
incident optical power due to its one atom thickness. Also, graphene photodetectors produce a
high dark current as graphene is a semimetal, and that weakens the device detectivity [2][18].
The dioxide/semiconductor substrate was predicted to have a considerable effect on the
performance of graphene photo field effect transistors (FET) [81]. Fukushima et al. [82] and Luo
et al. [83] reported a photogating effect in monolayer graphene photo FETs with high
16

responsivities using indium antimonide (InSb)/SiO2 and n-doped Si/SiO2 substrates, respectively.
They showed that the semiconductor in the substrate works as a photosensitizer and determines
the spectral range of the device response. This photoresponse enhancement is very encouraging
for more investigation on the photogating effect induced by the substrate in graphene photo
FETs.
Hybrid photodetectors of graphene and other nanostructured materials have been reported
to improve the performance of graphene-based photodetectors [5], [12]–[15]. Colloidal quantum
dots such as ZnO [53], PbS [84], and CdSe [85] have been successfully investigated as
photosensitizers to enhance the responsivity in graphene based photodetectors and raise the
advantage of spectral selectivity.
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Materials growth and devices fabrication
2.1 Introduction
This chapter has a full explanation of all growth methods that were used to synthesize
nanomaterials in this research. Moreover, the fabrication and processing procedures of the
investigated photodetectors are discussed. The growth of colloidal nanocrystals including CdSe,
PbSe, and Ag based on chemical growth approaches is demonstrated in detail. Additionally, the
growth of graphene layers using mechanical exfoliation method is discussed. The general
fabrication process that was utilized to fabricate the devices at microscale is explained step by
step. Each device processing method is also illustrated including interdigital photodetectors
based on colloidal nanocrystals and graphene based photodetectors.
2.2 Growth of colloidal nanocrystals
The nanocrystals used in this work were grown based on chemical growth approaches.
The chemical experiments were conducted inside a fume hood and under a nitrogen gas flow.
The experiment setup is sketched in Figure 2.1. A three-neck flask was used for the reaction. The
neck in the middle was connected to a Schlenk line condenser that provided the N2 gas flow to
the flask. A thermocouple connected to a temperature controller was placed in the flask through
one of the side necks to measure the mixture temperature during the experiment. The third neck
was locked with a rubber stopper that could be penetrated by the syringe to perform the injection.
2.2.1 Synthesis of CdSe nanocrystals
Chemicals used in the synthesis were: cadmium oxide (CdO), elemental selenium (Se), 1octadecence (ODE), n-trioctylphosphine (TOP), and oleic acid. CdSe nanocrystals were
synthesized using a hot injection method according to slightly modified previous literature
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procedure [86]. The modification included the reaction time, the temperature of the reaction, and
the amounts of the precursors.

N2 gas line

Thermocouple

Injecting the TOP-Se precursor

Three-neck flask

Magnetic stirrer bar
Metal precursor

Figure 2.1. Sketch of colloidal nanocrystals synthesis setup.
Two precursors were prepared in this synthesis. First, 4 mmol of selenium (Se) powder
was dissolved in 3 ml of n-trioctyphosphine (TOP) using a magnetic stirrer bar overnight inside a
glovebox, until the solution was clear. Then, the cadmium precursor was prepared by adding 2
mmol of cadmium oxide (CdO), 1.5 ml of oleic acid, and 7 ml of 1-octadecene in a 50 ml threeneck flask and heating it at 100 °C while stirring under a nitrogen flow in a standard Schlenk line
for 1 hour for degassing. After degassing, the cadmium precursor temperature was increased
gradually to 300 °C. When the solution became clear, the selenium precursor was rapidly
injected in the three-neck flask using a syringe. Next, the nanocrystal solution was kept at 300 °C
for 1 hour.
After the synthesis process, a nanocrystal purification step was done to remove any by
products. The nanocrystals were purified by adding 5 ml of methanol and centrifuging the
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solution at 6000 rpm for 4 minutes. Then the supernatant was discarded, and the precipitated
nanocrystals were re-dispersed in 3 ml of chloroform, which was important to protect the ligand
between the nanocrystals from methanol. The purification process was repeated at least three
times. The washed nanocrystals were then collected and dispersed in chloroform.
Following the synthesis process and purification, a ligand exchange with short chain
ligand was performed. Pyridine was used to replace the original long chain ligand (oleic acid). In
an excess amount of pyridine, the synthesized CdSe nanocrystals were stirred for 10 hours at 70
°C and in a nitrogen gas environment. Then, to remove the remaining solvents, the nanocrystals
were purified in methanol and dried under vacuum overnight. Finally, the treated nanocrystals
were dispersed in chloroform by ultra-sonication to obtain a uniform nanocrystal solution for
deposition in the photodetector channel. Figure 2.2 has flow chart that has all the steps of the hot
injection synthesis of CdSe nanocrystals and the following ligand exchange step.
2.2.2 Synthesis of PbSe nanocrystals
Chemicals used in the synthesis were: lead oxide (PbO), elemental selenium (Se), 1octadecence (ODE), n-trioctylphosphine (TOP), diphenylphosphine, and oleic acid. Lead
selenide nanocrystals were synthesised based on previously reported hot injection chemical
growth method [19].
First, a mixture of selenium powder (8 mmol), n-trioctylphosphine (8 mL) and
diphenylphosphine (60 μL) was prepared and kept under nitrogen with stirring at 70 ˚C overnight
to fully dissolve the selenium and obtain a colorless precursor. The lead precursor was prepared
by mixing lead oxide (2 mmol) in oleic acid (2.1 mL) and 1-octadecene (10.6 mL) in a 100 ml
three-neck flask and heating under nitrogen flow for one hour at 140 ˚C for degassing. When the
lead precursor turned to a yellow clear solution, the selenium precursor was injected rapidly into
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the three-neck flask to start the reaction. After 20 sec of reaction, the nanocrystals were cooled
down to room temperature using a water bath. A purification step was performed three times by
adding acetone to the nanocrystals and centrifuging them at 6000 rpm for 10 min.

Add CdO, ODE and Oleic acid
in 3-neck flask, heat at 100 ºC for
1 hour while stirring

Add Se with TOP
stir inside the glovebox

Dark brown solution,
continuously heat
to 300 ºC
Inject rapidly
Clear solution

Clear solution

Keep the reaction at 300 ºC for 1
hour

Purify the CdSe nanocrystals in
methanol at 6000 rpm for 4
minutes

Stir the quantum dots in pyridine
for 10 hours at 70 ºC inside
glovebox to replace the ligand

Figure 2.2. Flow chart showing the synthesis steps of CdSe quantum dots using a hot injection
chemical method.
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A ligand exchange was conducted to replace the long chain ligand, oleic acid, with short
ones, mercaptoacetic acid. The synthesized PbSe nanocrystals were dissolved in excess
mercaptoacetic acid and stirred at 70 ºC for 48 hours inside the glovebox. Finally, the PbSe
nanocrystals were purified again in acetone for two times and then dried under vacuum. All the
steps of the PbSe hot injection synthesis and ligand exchange are illustrated in the flow chart in
Figure 2.3.

Add PbO, ODE and Oleic acid in
3-neck flask, heat at 140 ºC for 1
hour while stirring

Add Se powder with
TOP and
diphenylphosphine,
stir inside the glovebox
overnight

Dark brown solution,
continuously heat

Clear yellow solution

Inject rapidly

Colorless solution

Dark brown solution

Keep the reaction at 140 ºC for
20 - 40 sec

Quench in water to cool to 30 ºC

Purify the PbSe nanocrystals in
acetone at 6000 rpm for 6
minutes

Stir the quantum dots in
mercaptoacetic acid for 48 hours
at 70 ºC inside glovebox to
replace the ligand

Figure 2.3. Flow chart showing the synthesis steps of PbSe quantum dots using a hot injection
chemical method.
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2.2.3 Synthesis of Silver nanocrystals
Silver nanocrystals were grown in a solution form based on the method published in [87]
with some modifications in the materials amounts and the reaction time. A solution of silver
nitrate AgNO3 and oleylamine was prepared in three neck flask and heated at 180 ºC under N2
flow for 2 hours. Then, the synthesized Ag nanocrystals were purified by adding acetone and
centrifuging them at 6000 rpm for 10 minutes. The Ag nanocrystals were purified three times to
eliminate any unwanted materials. Finally, the obtained Ag nanocrystals were dissolved in
chloroform to be ready for using on the device. The flow chart in Figure 2.4 shows the synthesis
step of silver nanoparticles.

Add AgNO3 and oleylamine in
3-neck flask

Heat at 180 ºC for 2 hours while
stirring and under N2 flow
Purify the Ag nanocrystals in
acetone at 6000 rpm for 10
minutes

Dissolve in chloroform
Figure 2.4. Flow chart showing the synthesis steps of Ag nanoparticles.
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2.3 Growth of graphene
2.3.1 Mechanical exfoliation of graphene
The mechanical exfoliation method was used to exfoliate graphene layers from highly
oriented pyrolytic graphite and transfer them onto the surface of a Si/SiO2 substrate. A p-type
Si/SiO2 wafer with an oxide thickness of 300 nm was used. First, 1 cm2 chips of the wafer were
prepared and cleaned by sonicating for 10 min in acetone, followed by 10 min in isopropanol
then rinsing with DI water and drying with nitrogen. The graphite was transferred on a small area
of tape of approximately 10 cm length. The tape was folded in half and stuck to itself to
distribute the graphite and reduce the number of its layers. This exfoliation step was repeated
several times. Afterwards, the deposited graphene layers on the tape were pressed onto the
cleaned chip on the silicon dioxide side. After depositing the graphene flakes and removing the
tape, the substrate was immersed in acetone for 20 min to remove any tape residue.
2.4 Device fabrication
In general, the fabrication process of all the devices investigated in this research consisted
of two main procedures. The first procedure was patterning the samples with the desired device
structure for the electrodes and the channel. Standard optical photolithography method was used
inside a class-100 cleanroom to process the patterning of the samples. This procedure was
achieved by the following steps:
1.

Started with cleaning the substrate by sonicating it for 10 minutes in acetone, 10

minutes in methanol, rinsing with isopropyl alcohol, and drying it with nitrogen. Then, the
substrate was cleaned with DI water and dried again with nitrogen. Cleaning was a very
important step to remove any contaminants that could affect the optical photolithography process
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and the device performance later.
2.

Positive photoresist AZP 4330-RS (AZ Electronics USA Corp, Somerville, NJ)

was spin coated on the surface of the substrate at a speed of 3000 rpm for one minute to obtain a
uniform layer of the photoresist. Following the spin coating, the photoresist was soft baked on a
hot plate at 110 ˚C for three minutes to evaporate any remaining solution and enhance the
adhesion of the photoresist film to the substrate. After baking the photoresist, the sample was
placed on the mask aligner under a mask of the desired patterns and exposed to a UV light with
intensity of 25 mW/cm2 for five seconds. Then, the sample was developed in AZ 400K
developer for 20-40 seconds to remove the exposed parts of the photoresist and obtain the
electrode patterns. Finally, a microscope was used to examine the samples and ensure that the
electrode shapes were formed accurately and did not have any remaining photoresist.
The second procedure of the devices fabrication after patterning the structure was
metallization. Metals were deposited on the patterned substrate to form the device electrodes. All
metals were deposited with specific thicknesses by placing the samples inside a Angstrom
Nexdep (Angstrom Engineering Inc., Kitchener, Canada) electron-beam evaporator under
pressure of 1.5 x 10-7 torr and at room temperature. Right after metallization, the samples were
taken out the e-beam evaporator and immersed in acetone and gently agitated by a stream of
acetone bubbles or ultra-sonication to remove the undeveloped photoresist.
2.5 Device processing
2.5.1 Photodetectors based on interdigital electrodes and colloidal nanocrystals
First, the colloidal nanocrystal-based photodetectors investigated in this research
including CdSe, PbSe, and CdSe/Ag nanocrystal photodetectors were fabricated on glass
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substrates. Interdigital electrodes with 20 nm Ti and 30 nm Au were formed. The photomask had
interdigital structures with different spacing between the fingers including 5 μm, 10 μm, 20 μm,
and 50 μm. The width of the finger itself was twice the spacing between them in each structure.
For the CdSe and PbSe nanocrystal photodetectors, the grown nanocrystals were suspended in
chloroform and spin coated on the device to obtain a uniform nanocrystal film on the device
active area. A schematic of the device structure is shown in Figure 2.5(a). In the processing of
the CdSe/Ag hybrid photodetector, the same nanocrystal spin coating deposition process was
used to create a layer of Ag nanocrystals on the device followed by a layer of colloidal
semiconductor nanocrystals. The device structure is shown in Figure 2.5(b).
2.5.2 Photodetectors based on graphene and hybrid graphene/PbSe nanocrystals
All graphene devices investigated in this work were fabricated on Si/SiO2 substrates. The
thickness of the SiO2 layer was 300 nm, which was suitable to visualize the grown graphene
layers with an optical microscope, and the Si was lightly doped p-type Si. The mask that was
used to fabricate graphene-based devices had several simple structures with different dimension
sizes. Each structure consisted of two simple electrodes that formed a channel of 𝐿 µm length
and 𝑊 µm width. The photolithography method explained earlier was used to pattern the device
design on the Si/SiO2 substrate. Afterwards, the symmetric metal electrodes were deposited
using the E-beam evaporator. The graphene phototransistor had a metal electrode deposited on
the back gate, as shown in Figure 2.6(a). The hybrid graphene/PbSe nanocrystal photodetector
had the nanocrystal layer deposited on the channel using drop casting, as shown in Figure 2.6(b).
Finally, each device was placed on a holder and wired to be characterized.
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(a)
Nanocrystals’ film

Gold interdigital electrodes

Glass substrate

𝑑
𝑤

(b)
Nanocrystals’ film
Gold interdigital electrodes

Glass substrate

Silver nanocrystals

Figure 2.5. A photodetector of interdigital electrodes on a glass substrate having (a) colloidal
nanocrystals deposited on the active area and (b) a layer of silver nanoparticles deposited beneath
the nanocrystals layer in the active area.
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Graphene
(a)

Colloidal PbSe
nanocrystals

Graphene

(b)

SiO2

Figure 2.6. A single channel structure device on a Si/SiO2 substrate based on (a) graphene on the
channel area and (b) graphene and PbSe nanocrystals in the channel.
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Characterization techniques
3.1 Introduction
This chapter will discuss the characterization techniques that were used in this research to
investigate the properties of the synthesized nanomaterials and the performance of the fabricated
devices. The optical properties of the grown colloidal nanocrystals were studied by measuring
their absorbance and the photoluminescence. The graphene layers were examined using optical
microscopy and by measuring the Raman spectrum. On the other hand, the performance of the
fabricated photodetectors was characterized by extracting the spectral response spectra and
measuring the current-voltage curves in the dark and under illumination conditions. The
following section will discuss the different characterization techniques and equipment that were
used to conduct the measurements.
3.2 Optical absorbance
Cary 500 UV-visible-NIR spectrophotometer (Varian, Inc., Palo Alto, CA) was utilized
to measure the optical absorbance of the synthesized colloidal nanomaterials. This
spectrophotometer can measure the absorbance spectrum within a wide wavelength range from
of 175 to 3300 nm. One way to measure the absorbance spectrum of the material was to disperse
the nanocrystals in chloroform inside a quartz cuvette during the measurement. The other way
was via creating a thin film of the nanocrystals on a glass substrate by drop casting the
nanocrystals dispersed in chloroform on the glass and waiting them to dry. In both cases, the
absorbance of the hosting material, chloroform in quartz cuvette or glass slide, was measured
first and placed as a baseline correction. The Cary 500 UV-Vis-NIR spectrophotometer measures
the absorbance of the materials by focusing a monochromatic light into the sample using a
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mirror. The intensities of the incident and transmitted light are detected at each wavelength of the
chosen range. The working mechanism of the Cary 500 UV-Vis-NIR spectrophotometer is
illustrated in Figure 3.1.

Light source

Monochromator

Sample
Mirror

Changeable slit

Detector

Mirror
Reference

Computer display

Figure 3.1. A schematic diagram showing the working mechanism of the UV-visible-near
infrared spectrophotometer used to characterize the synthesized nanocrystals.
The light absorbance and reflectance when traveling through a material can be described
via the Beer-Lambert law:
𝐼 = 𝐼0 𝑒 −𝛼𝑑

(Equation 3.1)

where 𝐼 and 𝐼0 are the transmitted and the incident light intensity, respectively, 𝛼 is the
absorption coefficient, an 𝑑 is the length of the optical bath. Based on the previous equation, the
absorbance can be found in arbitrary unites as follows:
𝐴 = 𝑙𝑜𝑔10
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𝐼0
𝐼

(Equation 3.2)

A sketch of the setup utilized in measuring the optical absorbance of the materials in a
solution form is shown in Figure 3.2.

Nanocrystals suspended in chloroform
Quartz cuvette

𝐼0

𝐼

𝑑
Figure 3.2. Measurement of the optical absorbance of synthesized nanocrystals dispersed in
chloroform.
3.3 Photoluminescence
Photoluminescence (PL) is based on measuring the emitted photons when the
photoexcited electrons decay back from the conduction band to the valance band. A Horiba
LabRAM HR (Horiba, Edison, NJ) Spectrometer combined with a laser diode of 473 nm was
used in this work to measure the PL spectra at room-temperature of the synthesized CdSe
nanocrystals. A thin film of the nanocrystals was created by dispersing them in chloroform and
dropping the solution on a glass slide. After the solvent evaporated, the glass slide was placed on
a stage and the laser was focused on the sample by an objective lens. The emitted photons from
the sample were directed toward a Synapse (Horiba, Edison, NJ) CCD detector through filters.
The intensity of PL of the nanocrystals was measured in arbitrary units as a function of the
wavelength. The PL spectrum of the material gave information about the actual band gap and the
range of the size distribution of the grown nanocrystals.
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3.4 Optical microscopy
Optical microscopy is the simplest and fastest technique to identify the graphene
implanted on a substrate. This method can be very successful and accurate by choosing the
wavelength and the substrate that give a perfect optical contrast. When light is incident on a
surface that consists of several layers such as graphene layers, SiO2, and Si, multiple reflections
happen, and the camera detects the outcome of the superposition of the reflection. A perfect
visibility of graphene layers on Si/SiO2 substrate in white light can be achieved with a SiO2
thickness in the range of 90 nm to 300 nm.
3.5 Raman
Raman characterization gives structural and chemical information about the characterized
material by investigating and determining the phonon vibrations. Scattering of the incident
photons can be elastic, when the scattered light has the same wavelength as the incident light, or
inelastic, when the scattered light has a wavelength shifted longer or shorter than the wavelength
of the incident light. The inelastic scattering is called Raman scattering and it can occur in two
ways. Stokes scattering is when the light scatters with lower energy (longer wavelength), and
anti-Stokes scattering is when the light scatters with higher energy (shorter wavelength). Figure
3.3(a) shows a schematic of the elastic and inelastic scattering mechanisms. A Horiba LabRAM
spectrometer was used to measure the Raman spectra of the synthesized graphene. Raman
characterization is a very effective way to determine the number of layers of the mechanically
exfoliated graphene flakes. The samples were excited with a red laser beam with 632.8 nm
wavelength, and the range of the spectrum was determined to be from 1000 cm-1 to 3500 cm-1.
The measuring mechanism of the Raman spectrometer is shown in schematically in Figure
3.3(b).
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(a)

Rayliegh Scattering
(Elastic)

Anti-Stokes Scattering

Stokes Scattering

Raman Scattering
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Figure 3.3. (a) Elastic and inelastic scattering mechanisms – the working mechanisms of Raman
spectroscopy. (b) Raman spectrometer schematic.
33

3.6 Spectral response
The spectral response is an optical characterization was used to characterize the optical
properties of the fabricated nanocrystals photodetectors. The spectral response is presented as the
ratio of the photogenerated current to the incident optical power. Bruker 125 HR FTIR (Bruker,
Billerica, MA) spectrometer combined with a Keithley 428 ( Keithley Instruments, Cleveland,
Ohio) current preamplifier was utilized to measure the spectral response of the devices. The
device could be biased at different voltages between -5 V to 5 V using the current preamplifier.
The spectral response spectrum of the device should correspond with the absorbance spectrum of
the semiconductor material placed in the device channel. When the energy of the incident
photons is less than the bandgap of the active material in the device channel, no photo response
happens. Bruker 125 HR FTIR spectrometer measures the spectral response in arbitrary units as
a function of the incident wavelength. A quartz halogen lamp is used as a light source, and it
covers the wavelength range from 400 nm to 2000 nm. The light beam generated by the light
source hits a beam splitter that splits it to two beams and directs them into different directions. A
fixed mirror and a scanning mirror reflect the splitted beams back to the splitter. The reflected
beams travel different optical path lengths on their way back to the beam splitter and finally
interfere and recombine there, and the final beam is forwarded to illuminate the device. The size
of this beam was altered to cover the entire active area of the device. The spectral response
spectra of the devices were measured under vacuum of 10-5 Torr achieved via a Edwards
(Edwards, West Sussex, UK) roughing pump. A sketch of the work mechanism of the Bruker
FTIR spectroscopy is shown in Figure 3.4.
3.7 Current-Voltage Characteristics
The current-voltage (I-V) characteristics of the fabricated photodetectors were examined
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using Keithley 4200 semiconductor characterization system equipped with source measure units
(SMU1 & SMU1) with 4200-PA preamplifiers. The device was placed in a dark chamber to
measure the dark current. Otherwise, for the photocurrent measurements, the device was
illuminated with a broadband light source that covered the spectral range from 360 nm to 1800
nm and its power density was 100 mW/cm2.

Quartz halogen lamp

Computer

Janis Cryostat

Fixed mirror

Beam splitter

Fourier
Transform

Current Amplifier
Device sample

Scanning mirror
Figure 3.4. Sketch showing the working mechanism of the Bruker FTIR spectrometer.
The density of the light source was calibrated based on a reference solar cell from
Newport Inc. (Irvine, California). During the photocurrent measurements, the area of the device
was entirely illuminated with the light intensity. Different tests were performed to characterize
the I-V measurements depending on the number of the device terminals and the purpose of the
measurements. A voltage sweep was applied, and the current was measured simultaneously for
the semiconductor-metal M-S-M semiconductors. The I-V measurement of the phototransistor
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otherwise was conducted by applying voltages on the gate and the drain terminals and measuring
the current. Moreover, the current versus time tests were carried out to evaluate the device photo
response.
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Results and discussion
4.1 Introduction
This chapter discusses the main results of the conducted experimental research of
investigating photodetection devices based on nanostructured materials. The outcomes presented
in the chapter cover optical and electrical characterization of the synthesized materials and
fabricated devices. Nanostructured materials and the devices structures were prepared in the lab
then they were combined to obtain novel and high performance photodetectors. This chapter has
four sections: near-infrared photodetectors based on hybrid graphene-colloidal PbSe quantum
dots, self-powered graphene phototransistor with high and tunable responsivity and detectivity,
CVD-grown single-layer graphene based phototransistor, and colloidal quantum dot
photodetectors enhanced by plasmonic silver nanoparticles.
4.2 Near-infrared photodetectors based on hybrid graphene-colloidal PbSe quantum dots
The optical properties of the synthesized PbSe nanocrystals or quantum dots (QDs) were
characterized by measuring the absorbance spectra in the wavelength range of 200 nm to 2000
nm using a Carry 500 UV-Vis-NIR spectrophotometer (Varian, Inc, Palo Alto, CA). The
absorbance spectrum of PbSe QDs dispersed in chloroform is plotted in Figure 4.1. The spectrum
shows four excitonic peaks labeled as P1, P2, P3, and P4. The strongest peak, P1, represents the
first interband transition of the electrons when the nanocrystals were illuminated. The bandgap of
these QDs was determined based on the simple equation 𝐸(𝑒𝑉) =

1.24
𝜆(𝜇𝑀)

. The onset of the

spectrum was at 1800 nm wavelength that corresponds to a bandgap energy of 0.68 𝑒𝑉, and
which can work perfectly to absorb both the visible and the near infrared radiation.
The absorbance spectra shown in Figure 4.2 are for four samples of PbSe QDs grown at
37

different reaction times between 20 sec to 40 sec. They showed the bandgap dependency on the

Absorbance (a. u.)

0.8
0.6

P4

0.4
P3

P2

P1

0.2
0

600

900
1200 1500
Wavelength (nm)

1800

Figure 4.1. Absorbance spectrum of PbSe nanocrystals grown at 140 ˚C for 30 sec. Reprinted
with permission from Gebril et al [80].
size of the QDs since their bandgap decreased by increasing the reaction time. That represents
one of the most desirable properties of colloidal nanocrystals. The absorbance spectrum of each
of the four samples had three excitonic peaks, which resulted from the interband transition
between the nanocrystal energy bands. This tunability of the PbSe nanocrystal bandgap paves the
way of investigating their capability in novel optoelectronic devices for absorbing the visible to
infrared light.
A mechanical exfoliation technique was used to obtain graphene layers. A highly
oriented pyrolytic graphite was exfoliated using a tape then the graphene layers were transferred
38

Absorbance (a. u.)

0.8
0.6
Reaction time:
20 - 40 sec

0.4
0.2
0.0

800

1200

1600

Wavelength (nm)
Figure 4.2. Absorbance spectra of PbSe nanocrystals grown at different reaction times. Reprinted
with permission from Gebril et al [80].
to a Si/SiO2 substrate (300 nm for the oxide) and examined using optical microscopy and Raman
spectrometer, as shown in Figure 4.3. The Raman spectra of graphene samples having different
numbers of layers and of graphite are plotted in Figure 4.3(a). Samples with single layer
graphene, bilayer graphene, few layers graphene, multilayers graphene, and graphite were found.
The range of the number of layers can be precisely determined depending on the I2D/IG ratio, the
shape of the 2D Raman peak, and the color in the optical image compared with the literature
[88]–[90]. The corresponding samples are illustrated in the optical image in Figure 4.3(b).
The Raman spectrum of mechanically exfoliated graphene on a Si/SiO2 substrate is
shown in Figure 4.4. The intensity ratio I2D/IG is 0.35, and the peak full-width at half-maximum
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Figure 4.3. (a) Raman spectra of mechanically exfoliated graphene with different number of
layers. (b) The corresponding optical photo of the mechanically exfoliated graphene layers.
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(FWHM) was determined to be 72.5 cm-1 for the 2D peak indicating that it is multilayer
graphene [88], [89]. This represents the graphene sample in the fabricated device channel.
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Figure 4.4. Raman spectrum of mechanically exfoliated graphene. Reprinted with permission
from Gebril et al [80].
A metal-semiconductor-metal (M-S-M) photodetector consisting of interdigital Au/Ti
electrodes on a glass substrate and with PbSe nanocrystals in the device active region was
examined. The spacing in between the electrodes fingers was 50 µm. After changing the ligand
with mercaptoacetic acid (MAA), the PbSe nanocrystals were spin coated on the device channel.
The I-V characterization of the device in the dark and under elimination was measured and
shown in Figure 4.5. The spectral response of the interdigital PbSe QDs photodetector was also
measured under voltage bias of 2 V, as shown in Figure 4.6. This device was investigated to
prove the capability of the synthesized PbSe QDs for photodetection. The device showed good
41

light response in the range of the visible to near infrared spectrum, which corresponds with the
absorbance measurement in Figure 4.1.
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Figure 4.5. Characteristics of photodetector based on PbSe QDs. I-V curves were measured in
the dark and under illumination. Reprinted with permission from Gebril et al [80].
The detectivity and responsivity of the device were calculated and are plotted in Figure
4.7 and Figure 4.8, respectively. This device performance can be enhanced by reducing the
spacing between the electrodes fingers as reported in reference [91].
The schematic in Figure 4.9 shows the energy level diagram of the graphene/PbSe QDs
structure. When the graphene/PbSe QDs hybrid structure is fabricated, energy band bending
occurs at the interface because of the work function difference between them.
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Figure 4.6. Spectral response spectrum of interdigital PbSe QDs photodetector measured at 2 V
bias. Reprinted with permission from Gebril et al [80].
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Figure 4.7. Detectivity of the PbSe nanocrystal-based device plotted as a function of the applied
voltage. Reprinted with permission from Gebril et al [80].
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Figure 4.8. Responsivity of the PbSe nanocrystal-based device plotted as a function of the
applied voltage. Reprinted with permission from Gebril et al [80].
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Figure 4.9. Energy band diagram illustrating the formation of electron-hole pairs in
graphene/PbSe QDs hybrid device. Reprinted with permission from Gebril et al [80].
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The I-V measurement of a control device, the device before adding the QDs, is shown in
Figure 4.10 (a). The photodetector with a PbSe QDs layer on the graphene was characterized by
measuring the I-V curves in the dark and under light, as shown in Figure 4.10(b). The inset in
Figure 4.10 (b) is the photocurrent produced by the device, Illumination - Idark. Based on the I-V
measurement, the responsivity and detectivity of the hybrid device were calculated and plotted in
Figure 4.11(a) and Figure 4.11 (b) respectively.
The device reached a responsivity of 1265 A/W, which is orders of magnitude higher
than reported graphene-based photodetector responsivities [16], [83]. However, this responsivity
is not ultrahigh like the reported responsivities of graphene/PbS QDs phototransistors [54][92].
That means the graphene/PbSe device responsivity might be greatly enhanced by adding a backgate voltage and optimizing some parameters such as the ligand and the film quality of the QDs.
There was no photoresponse observed when the graphene device was lighted, as shown in Figure
4.10 (a), and that can be explained by the low light absorption of graphene [15][18]. Therefore,
the QDs are responsible for the photoresponse shown by the hybrid device in Figure 4.10 (b).
The photocurrent is linearly proportional with the applied voltage as was reported by
Konstantatos et, al. [54]. The PbSe QDs is a p-type semiconductor [20], and graphene are known
to be intrinsic [27]. The photodetection mechanism occurs via a photogating effect. When the
hybrid device is illuminated, electron-hole pairs are generated in the QDs film and separated via
the internal electric field at the graphene/PbSe interface. The holes in the QDs transfer to the
graphene, and the electrons remain trapped. The positive charges in the graphene channel
recirculate many times before they recombine due to their high mobility in graphene, resulting in
a photoconduction gain [51].
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Figure 4.10. Characterization of graphene/PbSe QDs photodetector. I-V curves of the device
were measured in the dark and under illumination (a) before depositing the QDs and (b) with the
QDs layer deposited on the graphene channel. Reprinted with permission from Gebril et al [80].
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versus the applied voltage. Reprinted with permission from Gebril et al [80].
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4.3 Self-powered graphene phototransistor with high and tunable responsivity and detectivity
Using mechanically exfoliated graphene on lightly doped p-type Si/SiO2 substrate, the
phototransistor consists of a single-channel pattern with symmetric electrodes for the drain and
the collector and a back electrode for the gate. All electrodes were made by depositing Ti (10
nm)/Au (30 nm) layers. The formed graphene channel was 5 µm length and 5 µm width. A
schematic of the device structure was shown in Figure 2.6 (b).
The Raman spectrum of the mechanically exfoliated graphene sample in the device
channel, which was measured using a 632.8 nm excitation laser, is shown in Figure 4.12. The
intensity ratio I2D/IG = 0.5 specifies that it is a few layers of graphene. The inset in Figure 4.12
shows a microscope photo of the fabricated device.
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Figure 4.12. Raman spectrum of mechanically exfoliated graphene on a Si/SiO2 substrate. Inset:
a microscopic photo of the fabricated device. Reprinted with permission from Gebril et al [93].
The transfer curve of the device measured in the dark and under the illumination of
broadband light and at the drain voltage bias of 0.1 V is plotted in Figure 4.13. The transfer
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curve shifted horizontally toward the negative gate voltages, and a photocurrent was generated
and increased by increasing the gate bias voltage. Also, it shows that the photocurrent can be
tuned to the opposite sign or switched off by controlling the back-gate voltage.
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Figure 4.13. Gate voltage versus the drain current in the dark and under light of 100 mW cm−2
and with a drain voltage bias of 0.1 V. Reprinted with permission from Gebril et al [93].
Figure 4.14 shows the drain current versus the drain voltage curves that were measured in
the dark and under light and at a back-gate bias of -20 V. The drain current is linearly dependent
on the drain voltage both in the dark and under illumination. When the phototransistor is
illuminated, it responds and generates a considerable photocurrent even at a drain bias voltage of
0 V. The responsivity, R, and detectivity, D*, of the device were calculated based on Equations
1.2 and 1.7 and using the I–V the measurement in Figure 4.14, and they were plotted as a
function of the applied drain voltage in Figures 4.15 and 4.16, respectively.
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Figure 4.14. The dark current and the photocurrent of the phototransistor measured at a gate bias
voltage of -20 V. Reprinted with permission from Gebril et al [93].
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with permission from Gebril et al [93].
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Figure 4.16. Detectivity calculated using the I–V measurement in Figure 4.14. Reprinted with
permission from Gebril et al [93].
The reported graphene phototransistor reached a very high responsivity of 2.7 × 104
AW−1 and a detectivity of 5 × 1012 cm·Hz0.5/W at 0 V drain bias and -20 V gate bias, as
presented in Figures 4.15 and 4.16. Those responsivity and detectivity values are much higher
than that reported for similar devices [81][83][93]. The Iphoto/Idark ratio of the device was found to
be 29 at 0 V drain bias and -20 V gate bias.
The photoresponse of the phototransistor was also tested with 632.8 nm and 472.8 nm
lasers, as shown in Figure 4.17. The device photocurrent was recorded at different incident
power of the 632.8 nm laser and plotted in Figure 4.18. The responsivity as a function of the
incident power was calculated using Equation 1.2 and presented in Figure 4.19. The photocurrent
increased with increasing the incident power and gradually started to saturate at powers higher
than 6 mW.
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Figure 4.17. The drain current of the phototransistor in the dark and under 632.8 nm and 472.8
nm laser illumination. Reprinted with permission from Gebril et al [93].
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Figure 4.18. The photocurrent of the device at different incident power of the 632.8 nm laser.
Reprinted with permission from Gebril et al [93].
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Figure 4.19. Responsivity of the device at different incident power of the 632.8 nm laser.
Reprinted with permission from Gebril et al [93].
The device drain current as a function of time was measured by switching the broadband
light lamp on and off at different negative gate bias voltages and drain bias voltage of 0.1 V, as
shown in Figure 4.20. Higher negative gate voltages enhanced the illumination current while the
dark current was slightly changed, which improved the Iphoto/I dark ratio. The time-dependent
photoresponse as a function of the drain bias voltage and at a fixed gate voltage of -5 V is plotted
in Figure 4.21. When increasing the drain voltage, both the dark and the illumination currents
increased; however, the Iphoto/Idark ratio decreased. The maximum Iphoto/Idark ratio was obtained at
zero drain bias. The rise time and the fall time were calculated based on the time-dependent
photoresponse curve at 0 V drain bias and they were both found to be 0.25 s, as shown in Figure
4.22.
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Figure 4.20. Time-dependence of the device photoresponse at different back gate voltage bias.
Reprinted with permission from Gebril et al [93].
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Figure 4.21. Time-dependence of the device photoresponse at different drain voltage bias.
Reprinted with permission from Gebril et al [93].
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Figure 4.22. (a) The response time and the recovery time of the phototransistor at zero drain bias.
Reprinted with permission from Gebril et al [93]. (b) Schematic illustrating the generation of the
photogating effect in the fabricated graphene phototransistor.
Pure graphene photodetectors were mostly introduced with several photodetection
mechanisms including photovoltaic, bolometric, and photo-thermoelectric effects [7][94][95]. In
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this work, the photodetection is dominated by the photogating effect generated via the Si/SiO2
substrate when a negative back-gate voltage is applied. This domination can be clearly seen by
the back-gate tunability of the photocurrent, as shown in Figures 4.13 and 4.20, which is
consistent with previous reports [81][82]. Moreover, the slight horizontal shift in the transfer
curve in Figure 4.13 was caused by the accumulated charges at the Si/SiO2 interface.
The photogating effect is produced in graphene photodetectors by connecting a
photosensitizer with the graphene channel and creating a hybrid system, such as graphenequantum dots hybrid photodetectors [80] [54]. The p-doped Si in this device worked as a
photosensitizer as was clear from the device response in Figure 4.17. The graph shows a very
similar photoresponse to the two wavelengths, which are within the flat spectral response region
of silicon. This silicon-controlled response corresponds with [83], where the reported
phototransistor was unresponsive beyond the cut-off wavelength of silicon.
The working principle of the investigated graphene phototransistor can be explained
through the energy band structure of the Si/SiO2 interface and its important effect on the
graphene channel. The mechanism of the photogating effect in the proposed phototransistor is
illustrated in Figure 4.22(b). The localized states at the Si/SiO2 interface resulted in creating a
negative depletion layer in Si, consequently, a built-in electric field was originated near the
interface. When the device was illuminated, the incident photons with wavelengths within the Si
bandgap generated electron-hole pairs in the p-doped Si. The charge pairs were separated by the
built-in electric field. The holes diffused to the bulk Si and the electrons accumulated at the
Si/SiO2 interface and produced an additional negative voltage there. This built-in negative
electric field could gate the graphene channel via a capacitive coupling and tune its Fermi level
to a lower position.
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Applying a negative gate voltage on the channel drew the major carriers (holes) in the
substrate toward the gate, and that enhanced the formation of the depletion region. In this case,
the density of the holes in the graphene channel was enhanced and a photocurrent was obtained.
This photoresponse was controlled by the negative back-gate voltage even at a zero drain bias
because the built-in electric field could separate and drive the charges. In contrast, at positive
gate voltages the holes were drawn to the Si/SiO2 interface, which reduced the depletion layer or
eliminated it. As a result, at positive gate voltages, the device had a small negative photoresponse
that might have been generated by other photodetection mechanisms besides the photogating
effect that was caused by the Si/SiO2 interface.
4.4 CVD-grown single layer graphene based phototransistor
Single-layer graphene was grown based on a chemical vapor deposition (CVD) method
reported in [18] [19] and transferred into Si/SiO2 substrates. The used substrate was a lightly
doped p-type Si with a thermally grown SiO2 layer of 300 nm thickness on the top side.
Graphene channels were patterned using standard optical photolithography techniques. Devices
with different channel lengths of 5 and 15 µm were prepared. The channel width was the same,
100 µm, for all fabricated graphene devices. Electrodes of 15 nm Cr/30 nm Ag for the drain,
source, and the back-gate were deposited using a Angstrom Nexdep (Angstrom Engineering Inc.,
Kitchener, Canada) e-beam evaporator. A schematic of the fabricated graphene phototransistor
structure is shown in Figure 4.23(b).
The graphene was characterized by measuring Raman spectrum using a Horiba LabRAM
HR (Horiba, Edison, NJ) Spectrometer. The Raman spectrum of the CVD-grown graphene on a
Si/SiO2 substrate was measured under the illumination of a 632.8 nm laser, as shown in Figure
4.23(a). The intensity ratio, I2D/IG, of 2.6 proved that it was a single layer graphene. The G band
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in the measured Raman spectrum was located at 1640 cm-1 thus it was blue shifted compared
with its position in a typical graphene Raman spectrum 1580 cm-1. This shift indicated that the
graphene was doped, which likely happened due to absorbing water/oxygen from air and reacting
with the substrate in addition to the effect of chemical residual used during the growth and the
fabrication process. A schematic of the fabricated CVD-grown single layer graphene
phototransistor and its connection for I-V measurements is drawn in Figure 4.23(b).
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Figure 4.23. Raman spectrum of the CVD-grown graphene on a Si/SiO2 substrate measured with
a 632.8 nm laser. (b) Schematic illustrating the structure of the fabricated single layer graphenebased photodetector.
The I-V characterization of the device conducted in dark conditions are shown in Figure
4.24 (a,b). The drain current measured while sweeping the drain voltage from -0.5 V to 0.5 V
and for various gate bias voltages, 0 V, -20 V, and 20 V, is presented in Figure 4.24(a). The inset
shows the transfer curve with gate voltage range from -20 V to 20 V and at 0.1 V drain bias. The
drain current of the device increased linearly with the drain voltage, and that is the typical
behavior of a graphene field effect transistor. Also, these I-V curves proved that the
conductivity of the single layer graphene channel can be controlled by the back-gate voltage
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which corresponds with the transfer curve in the inset. The device transfer characteristic was
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measured in dark conditions at 0.1 V drain bias, as shown in Figure 4.24(b). The transfer curve
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Figure 4.24. Electrical characterization of the fabricated single layer graphene-based
photodetector. (a) I-V measurements at different back gate voltages. (b) The transfer curve –
drain current as a function of the gate voltage at a drain bias voltage of 0.1 V.
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along with the Dirac point, which has the minimum conductivity, was shifted toward more
positive gate voltage of 38 V indicating that the graphene was p-doped.
The photodetection performance of the device was evaluated by measuring the current in
dark and under illumination of a broadband light source, as shown in Figure 4.25. The transfer
curve in Figure 4.25(a) showed that the device responded to light, and its photo response was
tunable with the gate voltage. Also, a notable positive increase in the light current was obtained
by increasing the negative gate voltages.
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Figure 4.25. Transfer curve of the device measured in the dark and under illumination of a
broadband light source.
The drain current as a function of drain voltage curves in the dark and under light and at
-20 V gate voltage are shown in Figure 4.26. The illumination current of the device also linearly
increased with the drain voltage, and it had a considerable amount even at zero drain bias.
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Figure 4.26. Drain current as a function of drain voltage at a gate bias voltage of -20 V in the
dark and under illumination of a broadband light source.
Figure 4.27 shows the responsivity for the phototransistor as a function of the drain
applied voltage calculated based on Equation 1.2. The responsivity measurement was conducted
from I-V measurements of two devices with different channel lengths of 5 µm and 15 µm, and
the gate voltage was fixed at -20 V. The device achieved a responsivity of 2.6 × 103 AW-1 with a
5 µm channel length and 9.6 × 102 AW-1 with a 15 µm channel length. The enhancement in the
responsivity with reducing the channel length can be explained by
𝐼𝑝ℎ =

𝑊
𝐶 𝜇∆𝑉𝐺 𝑉𝐷
𝐿 𝑔

(Equation 4.1)

where 𝑊 is the width of the channel and 𝐿 is the length of the channel. The photocurrent is
inversely proportional with the channel length.
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Figure 4.27. Responsivity of the proposed device at two different channel lengths: 15 µm and 5
µm.
The time versus current curves were measured under multiple on and off light cycles. In
Figure 4.28 (a), the time dependent measurement as a function of negative gate voltages and at 1
V drain bias is shown. Figure 4.28 (b) shows the time-current curves of the device at different
drain voltages and fixed gate bias of -20 V. The Iphoto/Idark ratio was enhanced by increasing the
negative gate voltage while the drain voltage enhanced both the dark and the light currents.
Moreover, the device photoresponse was tested at different incident powers of a 632.8
nm red laser, Figure 4.29(a). The current of the graphene phototransistor increased with the
increase in the laser power as more electron-hole pairs were generated. In Figure 4.29(b), the
photocurrent, which is Illumination - Idark, and the responsivity of the devices were calculated based
on the I-V curves in Figure 4.29(a) and plotted versus the incident power. The photocurrent
positively increased with the incident power, however, it started to saturate at higher powers. The
responsivity was decreased with the increase of the laser power, which is suitable with Equation
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1.2.
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Figure 4.28. Time-dependent curves of the photoresponse of the graphene phototransistor were
illustrated (a) at different back gate bias voltages from 0V to -20 V and (b) at different drain bias
voltages of 0, 0.2, and 1 V and at a -20 V fixed bias.
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Figure 4.29. (a) Drain current measured under the illumination of a 632.8 nm laser at different
powers. (b) Responsivity and the photocurrent calculated and plotted for varying incident optical
powers.
Figure 4.30 shows the transfer characteristics of the device measured at 0.2 V drain
voltage under varying illumination powers of the 632.8 nm laser. The Dirac point of the
graphene in the device channel was shifting to more positive gate voltages by increasing the
incident laser power. This means increasing the p doping in graphene which led to higher
positive photocurrent as shown in Figure 4.29(a).
The working principle of the reported graphene phototransistor is based on inducing a
photogating effect using the device substrate. A negative depletion layer is created on the Si near
the Si/SiO2 interface due to the localized states that are normally found there. As a result, a builtin electric field is formed in that region. When the device is under an illumination of a light
source, the incident photons with an energy greater than the band gap of Si create electron-hole
pairs in the Si in the substrate. The built-in electric field separates these charge pairs. The holes
diffuse toward the bulk Si while the electrons accumulate at the interface of the Si/SiO2 and
generate more negative electric field. Consequently, the graphene channel is gated, and its Fermi
level is reduced to lower energy because of a capacitive coupling that is formed by the negative
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electric field. Because of the channel gating, the hole density in graphene is enhanced hence a
photocurrent is created. The reported device working behavior indicates that the photogating
effect is generated. The photocurrent can be tuned by the gate voltage as shown in Figures 4.25
and 4.28(a) which is consistent with [13], [17]. Also, the transfer curve in figures 4.25 and 4.30
were shifted horizontally under light and that could be due to the accumulated electrons at the
Si/SiO2 interface.
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Figure 4.30. Transfer curve along with the Dirac point of the phototransistor measured under
varying incident optical power.
4.5 Photodetectors enhanced by plasmonic silver nanoparticles
First, CdSe nanocrystals were synthesized based on a chemical reaction method then the
optical absorbance and photoluminescence of the prepared nanocrystals were measured to
evaluate their optical properties. The synthesized nanocrystals were suspended in chloroform and
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placed in a cuvette for absorbance spectra measurements. For PL measurements, the solution of
the synthesized nanocrystals in chloroform was dried on a glass slide as a thin film. The
absorbance and PL spectra were measured for samples that were grown with different reaction
times ranging from 10 sec to 1 h, as shown in Figures 4.31 (a) and Figures 4.31 (b), respectively.
The bandgap of the nanocrystals decreased, shifted to the red, with the increase in the reaction
time which indicated the growth of the nanocrystal sizes with time. The PL spectrum of a 5 min
sample had two main peaks which meant that the size variation was dominated by almost two
sizes at that time. The PL spectrum of the CdSe nanocrystals synthesized with 1 h reaction time
had a narrow single peak positioned at 773 nm. Having this narrow peak denoted that the size
variation of the nanocrystals grown for 1 h was negligible, and from their absorbance spectrum
those nanocrystals had a band gap of ~ 1.7 eV.
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Figure 4.31. Optical characterization of the synthesized CdSe nanocrystals. (a) Absorbance of
CdSe nanocrystals dispersed in chloroform as a function of the reaction time. (b)
Photoluminescence spectra of a thin film of the CdSe nanocrystals on a glass substrate as a
function of the reaction time.
Silver nanoparticles were also synthesized based on a chemical method that depends on
reducing the AgNO3 in oleylamine and obtaining Ag nanoparticles capped with oleylamine
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ligand [87]. The synthesized Ag nanoparticles were purified, suspended in chloroform, and drop
casted on a glass slide to obtain a thin film for absorbance measurement. After the Ag
nanoparticles film dried, the absorbance spectrum was measured. The CdSe nanocrystals film
was then deposited on the Ag nanoparticles film and the absorbance spectrum was measured.
Figure 4.32 shows a comparison of the absorbance spectra of CdSe nanocrystals, Ag
nanoparticles, and CdSe/Ag nanocrystals films. The Ag nanoparticles had an absorption peak
centered at 474 nm. The spectrum of the combined CdSe and Ag nanocrystals films showed a
notable absorption enhancement comparing with the CdSe nanocrystals absorption spectrum.
The enhancement included all the absorption range of the CdSe nanocrystals with an extra wide
peak close to the Ag nanoparticles absorption position.
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Figure 4.32. The absorbance spectra of CdSe nanocrystals, Ag nanoparticles, and CdSe/Ag films
on glass substrates.
A photodetector with interdigital Au/Ti electrodes was fabricated utilizing the
synthesized CdSe nanocrystals as the photoactive material in the channel area. The device
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photoresponse was tested for two different spacing lengths (l) between the interdigital fingers: 20
µm and 50 µm. The devices were characterized by measuring the I-V curves in the dark and
under illumination of a broadband light source, as shown in Figure 4.33 (a). The 20 µm device
had higher currents in the dark and under light, however, the ratio of the photocurrent to dark
current was remarkably enhanced by the reduction of the electrode spacing. The obtained
photocurrent to dark current ratios were found to be 157 and 1867 at 5 V bias for the l = 50 µm
and l = 20 µm, respectively. Consequently, the detectivity of the device was also improved by
the electrodes spacing reduction since that the detectivity of a photodetector depends on the
signal to noise ratio.
The detectivity was calculated to be 7 × 107 cm·Hz0.5/W for l = 50 µm and 1×109
cm·Hz0.5/W for l = 20 µm, which is a two order of magnitude enhancement. Enhancing the
photoresponse by reducing the electrode spacing, which represents the length of the channel, is
because the applied electric field between the electrodes is inversely proportional with the spacing
between them. Also, the two fabricated devices have the same overall area and by reducing the
spacing, the 20 µm device had a bigger active area and higher number of single channels, which

meant having higher absorption. The spectral response of the CdSe-based photodetector was also
measured and presented in Figure 4.33 (b). The wavelength range in the device spectral response

spectra was in a good agreement with the range absorption spectra with a little shift to the near
infrared light and that could have been the effect of changing the nanocrystals ligands.
The plasmonic effect produced by silver nanoparticles was investigated by spin coating a
layer of the Ag nanocrystals under the CdSe nanocrystals layer and measuring the dark and
photo currents. The investigated device had an electrode spacing of 50 µm and its performance
was compared with the control device with only CdSe nanocrystals, as shown in Figure 4.34.
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Both dark current and photocurrent were increased by the effect of the Ag nanoparticles,
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Figure 4.33. Characterization of the control device, CdSe nanocrystal photodetector (a) Dark and
the photo currents of devices with different spacing length (l) in between the interdigital
electrode fingers. (b) Spectral response of the device obtained at a voltage bias of 3 V.
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Figure 4.34. Dark and photo currents of the control device of CdSe nanocrystals and the
CdSe/Ag nanocrystal photodetector.
however, the dark current to photo current ratio had a little increase by the plasmonic effect from
156 to 160, and that resulted in an enhancement in the device detectivity from 6.7 × 107
cm·Hz0.5/W to 1.5 × 108cm·Hz0.5/W. The responsivity of the CdSe/Ag nanocrystals
photodetector and the control photodetector were calculated based on the I-V measurements in
Figure 4.34 and plotted in Figure 4.35.
The performance enhancement obtained in the device based on CQDs coupled with Ag
NPs can be explained by the light trapping effect. When the device was shined upon with light,
optical power was trapped around the surface of each metal nanoparticle and in the plane of the
nanoparticles due to the near-field oscillation and scattering effect in the metal plasmonic. This
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Figure 4.35. Responsivity as a function of the bias voltage of the CdSe nanocrystals and
CdSe/Ag nanocrystal- based photodetectors.
light trapping led to increasing the optical absorption of the colloidal nanocrystals layer.
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Conclusion and future work
5.1 Conclusion
Near infrared photodetectors based on PbSe colloidal nanocrystals and hybrid
graphene/PbSe QDs were fabricated and examined. The PbSe nanocrystals based photodetector
showed a good response to the visible to near infrared light. The I-V measurements obtained
after adding the PbSe nanocrystals layer demonstrated that the nanocrystals layer represented the
light absorber of the hybrid graphene/PbSe QDs device. That made the device suitable to operate
within the visible to near infrared range of the electromagnetic spectrum, which was the
absorption range of the synthesized PbSe nanocrystals. The hybrid photodetector had high
responsivity and detectivity as a photoconductor.
A graphene phototransistor with high responsivity, detectivity, and enhanced Iphoto/Idark
ratio was investigated. A few layers of mechanically exfoliated graphene was used as the active
material in the device channel. The device had a simple structure of two gold electrodes on a pdoped Si/SiO2 substrate. The photogating effect introduced by the p-doped Si/SiO2 substrate was
exploited to generate a photoresponse. The device showed a photoresponse that could be tuned
via the gate and the drain voltages. The device also was self-powered and achieved its highest
performance at a 0 V drain bias due to the low dark current. The simple structure with tunable
photoresponse and the ability to achieve high performance of the reported phototransistor is of
interest for many photodetection applications.
A CVD-grown single layer graphene-based phototransistor was fabricated and
characterized. The device photoresponse mainly depended on the photogating effect generated
by the substrate. The reported phototransistor had a simple structure of a single layer graphene
channel on a lightly doped p-type Si/SiO2 substrate. The Si on the back was utilized as a back
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gate to control the conductivity of the device channel. I-V characterization was measured in the
dark and under light to investigate the device photoresponse. The device responsivity was
enhanced by reducing the graphene channel length. The fabricated graphene phototransistor
showed a high and tunable responsivity with the back-gate voltage and a self-powering feature
by producing a photocurrent at a zero drain voltage bias.
The plasmonic effect of Ag nanoparticles in a CdSe nanocrystals based photodetector
was investigated. The investigated photodetector structure consisted of gold interdigital
electrodes on a glass substrate with CdSe/Ag nanocrystal layers in the device active area. The
performance of the device was compared with a fabricated device based on only CdSe
nanocrystals. Both the responsivity and detectivity of the device were enhanced by adding the
Ag nanocrystals layer. This enhancement in the investigated device performance compared to the
control device was because the plasmonic Ag nanoparticles increased the light absorption in the
CdSe nanocrystals layer by trapping more optical power.
5.2 Future work
The figures of merit of the graphene/PbSe device might be improved by using the Si in
the substrate as a back-gate and testing it as a phototransistor. The back-gate voltage could be
tested to control the conductivity of the device channel. Moreover, replacing the mechanically
exfoliated multilayer graphene by a single layer CVD-grown graphene in the channel could
increase the device responsivity because of the very high charge mobility in single layer
graphene. Also, size controllability of the CVD grown graphene helps to test different areas of
the device channel for optimization.
The investigated graphene-based phototransistors have room for more optimizing by
studying the effect of the substrate parameters such as the thickness of the oxide layer and the
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doping level of the silicon on the device performance. On the other hand, since the
semiconductor in the substrate represents the light absorber, different semiconductors could be
tested to change the operation electromagnetic spectrum range of the device based on the
application demand.
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Appendix A: Description of Research for Popular Publication
Converting light into electricity is the basic principle behind the operation of numerous
optoelectronic devices in various applications that have indispensable effects on today’s daily
life including optical communication, security, environmental sensing, biological imaging,
remote sensing, and military and defense. Photodetectors are the devices that detect light signals
and convert them into electric signals. Photodetectors can be functional in a specific region of the
light spectrum such as visible or near infrared, and that is chosen based on the desired type of
application. Currently, the market of photodetectors is dominated by high performance
photodetectors based on crystalline silicon that detects the visible and near infrared region and
compound semiconductor materials such as InGaAs and their heterostructure-based
photodetectors for detecting longer wavelength beyond the operation limit of silicon. However,
improving the performance and increasing the usage of these photodetectors in more developed
applications are suffering from serious obstacles. For example, the materials are thick, the
fabrication processes are very expensive, and the fabrication conditions are difficult to control.
Recently, great efforts have been devoted to the field of photodetection. However,
because of the rapid growth in photodetector applications in terms of scale and diversity, there is
an increasing demand for more research attention in this area to address the challenges and
overcome the existing limitations in device architecture and material systems. Many novel
nanostructured materials including quantum dots, perovskites, nanowires, carbon nanotubes, and
graphene have emerged recently as promising candidates for a new generation of high
performance optoelectronic devices. These materials have shown unique size-dependent optical
and electrical properties compared with the corresponding bulk materials.
Photodetector devices based on nanostructured materials including graphene and
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colloidal nanocrystals were investigated by Wafaa Gebril, a Ph.D. student in the
Microelectronics-Photonics graduate program at the University of Arkansas/Fayetteville. The
research was supervised by Dr. Omar Manasreh and conducted in his lab, the optoelectronics lab
in the Electrical Engineering Department, University of Arkansas. The research objectives were
to grow and characterize colloidal nanocrystals and graphene layers and fabricate photodetectors
based on them.
PbSe and CdSe nanocrystals were synthesized using a hot injection chemical growth
method and their optical properties were characterized by measuring their absorbance spectra.
Graphene was also grown based on mechanical exfoliation method and examined under the
microscope and using a Raman spectrometer. First, a photodetector with a hybrid graphene/PbSe
nanocrystals structure was investigated. It showed high responsivity because of using the PbSe as
a photosensitizer on the graphene. Then, a few layers and a single layer graphene-based
phototransistors were investigated by a producing a photogating effect by absorbing the light in
the substrate. The device achieved high and tunable responsivity and detectivity. Finally, the
performance of a fabricated CdSe nanocrystal-based photodetector was enhanced by adding a
layer of silver nanoparticles underneath the layer of CdSe nanocrystals in order to trap the
incident light, which enhances the absorption in the nanocrystals layer.

84

Appendix B: Executive Summary of Newly Created Intellectual Property
The following list of new intellectual property items were created in the course of this
research project and should be considered from both a patent and commercialization perspective.
1. Using PbSe colloidal nanocrystals capped with Mercaptoacetic Acid as a photosensitizer
in graphene-based photodetector and combine it with multilayer graphene.
2. The self-powering feature generated by a photogating effect in graphene-based
phototransistor.
3. CdSe/Ag nanocrystals-based photodetector.
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Appendix C: Potential Patent and Commercialization Aspects of Listed Intellectual Property
Items
C.1 Patentability of the newly created intellectual property
The three items listed were considered first from the perspective of whether or not the
item could be patented.
1. Using PbSe colloidal nanocrystals capped with mercaptoacetic acid as a photosensitizer
in a graphene based photodetector and combining it with multilayer graphene is not
patentable newly created intellectual property because the combination between
nanocrystals and graphene in a photodetector has been reported in several publications.
2. The self-powering feature generated by a photogating effect in a graphene-based
phototransistor is not applicable to be patented since the growth and fabrication
techniques used are well known in the field, and similar device structures have been
reported before.
3. CdSe/Ag nanocrystals based photodetector could not be patented since using metal
nanoparticles to trap light in optoelectronic devices have been repeatedly studied in
different structures.
C.2 Commercialization Prospects
1. The device needs to be optimized to be ready for commercialization.
2. The device needs more research attention to fully understand all the science behind it
before it goes to commercialization.
3. It cannot compete with the silicon photodetectors that dominate the market because of the
short lifetime of the CdSe nanocrystals in the air.

86

C.3 Possible Prior Disclosure of IP
The results of item one and two have already been disclosed to the public:
1. W. Gebril, H. Salman, and M. O. Manasreh, “Near-infrared photodetectors based on
hybrid graphene-colloidal PbSe quantum dots,” MRS Adv., pp. 2273–2280, 2020.
2. W. Gebril and M. O. Manasreh, “Self-powered graphene phototransistor with high and
tunable responsivity and detectivity,” Eng. Res. Express, vol. 3, no. 1, pp. 1–5, Feb. 2021.
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Appendix D: Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems
The use of colloidal PbSe nanocrystals as a photosensitizer with a graphene photodetector
can be applied with different two layered materials to enhance the light absorption in the range of
the near infrared spectrum. The capability of combining two solution processed materials, which
are CdSe nanocrystals and Ag nanoparticles, is in great interest to reduce the cost of device
processing.
D2. Impact of Research Results on U.S. and Global Society
Developing high performance photodetector devices based on colloidal nanocrystals and
graphene can be an upgraded alternative of the devices in the market with less manufacturing
cost and complexity of. Also, it will extend the use of photodetectors into a wide range of
developed applications. Consequently, that will improve people’s lives in different aspects
related to photodetector applications including security, biomedical imaging, and optical
communication.
D.3 Impact of Research Results on the Environment
Developing photodetectors with high performance with less energy consumption because
of the simple growth methods used in this research helps to save the environment. Also, the
photodetectors reported in this research could be used as a platform to built environmental
sensing photodetectors. The enhancement of light absorption reported for the devices in this
research could be used to improve the absorption in some types of solar cells.
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Appendix F: Identification of All Software Used in Research and Dissertation Generation
Computer #1:
Model: Dell
Serial Number: HZ221F1
Location: Electrical Engineering department, Optoelectronics lab.
Owner: Electrical Engineering Department.
Software #1:
Name:Varian UV Scan application.
Version: 3.00(339).
Serial number: EL99093019
Software #2:
Name: Microsoft office 2007.
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Location: Electrical Engineering department, Optoelectronics lab.
Owner: Electrical Engineering Department.
Software #1:
Name: LabSpec
Version: 5.7824
Computer #3:
Model Number: ASUS
Serial Number: C6LMQS044473
Location: ELEG
Owner: Electrical Engineering department/University of Arkansas
Software #1:
Name: Microsoft Office 2010
Purchased by: Electrical Engineering Department, University of Arkansas
Software #2:
Name: Origin 8.6Bit
Serial number: GF3S4-6078-7604856
Computer #4:
Model Number: Sony
Serial Number: 545108880000326
Location: Personal Computer
Owner: Wafaa Gebril
Software #1:
Name: Microsoft Office 365
Purchased by: University of Arkansas
Software #2:
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Name: Origin OriginPro 2021b - 6 Month License
Serial number: 100705752528
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Appendix G: All Publications Published, Submitted and Planned and Conference Presentations
Papers:
1. W. Gebril, H. Salman, and M. O. Manasreh, “Near-infrared photodetectors based on
hybrid graphene-colloidal PbSe quantum dots,” MRS Adv., pp. 2273–2280, 2020.
2. W. Gebril and M. O. Manasreh, “Self-powered graphene phototransistor with high and
tunable responsivity and detectivity,” Eng. Res. Express, vol. 3, no. 1, pp. 1–5, Feb. 2021.
3. W. Gebril, M. O. Manasreh, H. Salman, and A. Shariffar, “Single layer graphene-based
phototransistor with high and tunable responsivity by photogating effect” submitted to
Nanotechnology.
Conferences:
1. Presented “Colloidal quantum dot photodetectors enhanced by plasmonic silver
nanoparticles” at the 62nd Electronic Materials Conference (held virtually), June 24-26,
2020.
2. Abstract accepted for a presentation “CVD-grown single layer graphene-based
phototransistor with high responsivity and detectivity by photogating effect” at the 63rd
Electronic Materials Conference (held virtually), June 23-25, 2021.
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Appendix H: Permissions to Republish Content from Scientific Papers.
1. License to reprint Figure 1.2

2. License to reprint Figure 1.3
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3. License to reprint Figure 1.5
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